Abstract-The implementation of miniaturised excitation circuitry in portable systems and transducer integrated front ends is challenging due to the requirements for high voltage and high current generation. Arbitrary excitation performed using digital to analog converters and high specification amplifiers cannot be easily miniaturised. Switched excitation circuitry can easily miniaturised but requires careful waveform design to achieve arbitrary excitation. Previously, Harmonic Reduction Pulse Width Modulation (HRPWM) has been proposed to allow the design of low harmonic content switched mode excitation signals through a parameterized design process. This paper proposes the technique arbitrary-HRPWM (AHRPWM) to allow the synthesis of three and five level true arbitrary switched mode excitation waveforms. The technique is demonstrated through the design and evaluation of linear frequency modulated waveforms that have been predistorted to compensate for transducer characteristics. After simulating the transducers response the resulting switched mode waveforms show am 0.06% amplitude error in the time domain compared to the amplified analog waveform and -45 dB and -35 dB third harmonic powers for the three and five level switched mode waveforms respectively.
I. INTRODUCTION
With advances in transducer and electronics design, integration of transmit and receive circuitry directly into the probe head is becoming a reality thus overcoming restrictions of transducer cabling [1] - [5] . It is possible to integrate a miniaturized, high current, high voltage, high efficiency switched excitation circuits [6] - [8] into the transducer [5] . The ultrasound system design typically requires arbitrary control of the excitation waveform: amplitude control for temporal windowing and spatial array apodisation, frequency and phase control for coded excitation and minimal harmonics for harmonic [9] and superharmonic imaging [10] .
Harmonic Reduction Pulse Width Modulation (HRPWM) has been previously demonstrated for the design of five level switched mode excitation waveforms with suppressed third and even numbered harmonics [11] , [12] . HRPWM required a parameterized design of a phase modulating waveform and waveform envelope as input parameters. This approach to waveform design is well suited to situations where the waveform has limited customisation and can be easily represented arithmetically. Parametrised waveform design is not suitable where a waveform has true arbitrary characteristics, for example where the waveform is optimised to transducer or system properties through algorithmic design or by deconvolution with transducer impulse responses.
This paper presents a extended arbitrary-HRPWM (AHRPWM) method to support true arbitrary waveform design by removing the necessity for parameterized waveform inputs. The proposed method only requires the desired waveform, sampling frequency and switching voltages as inputs. Additionally, the AHRPWM method is demonstrated in both three and five switching voltage modes. The three level mode is especially suited to portable systems and transducer integrated excitation where reduced circuit complexity is required.
II. METHODOLOGY
The process of synthesising an analog excitation waveform using a switched mode excitation waveform using AHRPWM can be described in four distinct process: window recovery, phase recovery, modulation carrier generation and switched waveform generation, as illustrated in figure 1.
A. Envelope Recovery
The first stage of AHRPWM is to generate the input waveforms outermost envelope. This may be achieved using the analytic representation of the input signal. The real signal may be transformed into an analytic signal using the Hilbert transform. An analytic signal has no negative frequency components, however is expressed in complex notation rather. The envelope is the absolute value of the complex valued analytic signal.
B. Phase Recovery
The second stage of AHRPWM is to generate the instantaneous phase of the input waveform. The instantaneous phase of the input signal is the argument of the complex valued analytic signal.
C. Modulation Carrier Generation
The third stage of AHRPWM is to generate modulation carrier waveforms. The instantaneous phase of the input signal is used to create a series of modulation carriers each representing the individual switched excitation voltage levels. Each modulation carrier waveform is designed such that the power 978-1-4799-8182-3/15/$31.00 ©2015 IEEE contained in the fundamental frequency is linearised against amplitude and the third harmonic is mathematically suppressed [12] . The modulation carrier now defines the time-frequency relationship of the output waveform.
D. Switched Waveform Generation
The fourth and final stage of the AHRPWM is to generate the switched excitation waveforms. Each modulation carrier waveform is compared with the signal envelope recovered in stage one. The intersection of the envelope with each modulation carrier defines the width of each output pulse for switching voltage level. A symmetrical quinary (five level) switched mode waveform consists of voltage levels ±V , ±V /2 and GND (0V). HRPWM defines two switching angles δ 1 , δ 2 that control the spectral properties of the switched waveforms. There exist two distinct characteristic switched waveforms each defined by the value of δ 1 , δ 2 . The power contained in the fundamental and third harmonic are represented in figure 2 as a δ 1 − δ 2 plane.
The first region is defined by δ 1 < π 2 < δ 2 and is realised as two positive and two negative pulses at ±V /2 and realises cycles of the output waveform where the output amplitude is less than half the maximum switching voltage. The second region is defined by δ 1 < δ 2 < π 2 and is realised as a positive and negative stepped waveform containing ±V , ±V /2 and GND (0V) and realises cycles of the output waveform where the output amplitude is greater than half the maximum switching voltage.
Typically a real excitation signal contains pulses from both regions depending on the envelope profile. Given an excitation system with three voltage levels, or where only three levels are desired, it is possible to restrict the number of voltage levels used in the switched waveform by limiting the maximum envelope amplitude to less than half the maximum voltage level. Limiting the output waveform to three levels reduces the amplitude accuracy of the output waveform for a given switching sampling frequency compared to five level excitation.
III. RESULTS AND DISCUSSION
The effectiveness of the proposed AHRPWM method in both five and three level mode has been investigated for an arbitrary analog input signal. The required voltage to generate 100 kPa peak negative pressure at 20 mm from a 2.25 MHz, 0.25 inch diameter, immersion transducer (Olympus NDT V323) to tone excitation using an arbitrary waveform generator (AWG) and class A amplifier (E&I A300) was measured using at various frequencies from 1.6 to 2.8 MHz was measured using a 0.2 mm diameter needle hydrophone (Precision Acoustics Ltd). The resulting data was used to pre-distort a Hann windowed chip with central frequency 2.25 MHz and 100% fractional bandwidth, to increase the 20 dB bandwidth from 1.9 MHz to 2.3 MHz as shown in figure 3 (left) . The resulting time domain waveform was used as an input to the AHRPWM algorithm to generate five (figure 3 (middle) and three (figure 3 (right) level switched waveforms sampled at 160-MHz. The spectra of each excitation signal is shown in the second row of figure 3 . The corresponding transducer response to each excitation waveform and the associated spectra is shown in the third and fourth row of figure 3 .
Spectra analysis of the AHRPWM switched excitation waveforms show a maximum third harmonic of -18 dB for the five level and -14.6 dB for the three level waveforms. After convolving the excitation waveform with the impulse response of the transducer a deviation of 0.06% in simulated output pressure is observed. The spectra of the simulated transducer responses shows a maximum third harmonic of -45 dB for the five level and -35 dB of the three level switched excitation waveforms.
IV. CONCLUSIONS
This paper has proposed an extension to the HRPWM algorithm to allow the synthesis of arbitrary analog excitation waveforms using three or five level switched excitation. The AHRPWM removes the necessity for parameterized waveform design by internally calculating the envelope and instantaneous phase of the input excitation signal. This method has the potential to allow true arbitrary excitation using multi-level switched mode excitation with accurate amplitude and phase control and minimised third harmonic, and will be especially applicable to miniaturised ultrasound circuitry embedded into the transducer and for portable ultrasound systems.
